To understand the roles of secretory peptides in developmental signaling, we have studied Drosophila mutant for the gene peptidylglycine ␣-hydroxylating monooxygenase (PHM). PHM is the rate-limiting enzyme for C-terminal ␣-amidation, a specific and necessary modification of secretory peptides. In insects, more than 90% of known or predicted neuropeptides are amidated. PHM mutants lack PHM protein and enzyme activity; most null animals die as late embryos with few morphological defects. Natural and synthetic PHM hypomorphs revealed phenotypes that resembled those of animals with mutations in genes of the ecdysone-inducible regulatory circuit. Animals bearing a strong hypomorphic allele contain no detectable PHM enzymatic activity or protein; ϳ50% hatch and initially display normal behavior, then die as young larvae, often while attempting to molt. PHM mutants were rescued with daily induction of a PHM transgene and complete rescue was seen with induction limited to the first 4 days after egg-laying. The rescued mutant adults produced progeny which survived to various stages up through metamorphosis (synthetic hypomorphs) and displayed prepupal and pupal phenotypes resembling those of ecdysone-response gene mutations. Examination of neuropeptide biosynthesis in PHM mutants revealed specific disruptions: Amidated peptides were largely absent in strong hypomorphs, but peptide precursors, a nonamidated neuropeptide, nonpeptide transmitters, and other peptide biosynthetic enzymes were readily detected. Mutant adults that were produced by a minimal rescue schedule had lowered PHM enzyme levels and reproducibly altered patterns of amidated neuropeptides in the CNS. These deficits were partially reversed within 24 h by a single PHM induction in the adult stage. These genetic results support the hypothesis that secretory peptide signaling is critical for transitions between developmental stages, without strongly affecting morphogenetic events within a stage. Further, they show that PHM is required for peptide ␣-amidating activity throughout the life of Drosophila. Finally, they define novel methods to study neural and endocrine peptide biosynthesis and functions in vivo.
INTRODUCTION
Secretory peptides are diffusible messengers that serve neurotransmitter, paracrine, and endocrine functions. They derive from precursor proteins which undergo endoproteolytic cleavage and further processing to generate one or more final bioactive products (reviewed by Sossin et al., 1989; Seidah et al., 1998; Zhou et al., 1999) . While the basic outline of secretory peptide biosynthesis has advanced from biochemical and molecular studies, genetics has recently made contributions to the understanding of these events in vivo (reviewed by Canaff et al., 1999) . From the analysis of both naturally occurring (e.g., Naggert et al., 1995; Jackson et al., 1997) and mouse knockout models (e.g., Furata et al., 1997; Westphal et al., 1999) , genetics has provided evidence for functional roles played by specific endoproteases and peptidases (Wang et al., 1998) . It has also pinpointed novel, alternative processing mechanisms (e.g., Dong et al., 1999) .
We have used genetic analysis in Drosophila and focused on C-terminal peptide ␣-amidation. This process is a late event in the biosynthesis of secretory peptides and likely to be the rate-limiting step in many instances (Eipper et al., 1993) . The study of ␣-amidation is particularly relevant to the analysis of secretory peptides for three reasons. First, the modification is widespread: in vertebrates, more than half the known secretory peptides are amidated, while in insects greater than 90% of peptide sequences (or DNA reported to encode them) indicate the presence of a C-terminal amide moiety (unpublished results). Second, the modification is functionally significant: its absence often disrupts the activity or receptor binding properties of peptide ligands (reviewed by Kulathila et al., 1999) . Finally, secretory peptides are the principal substrates for this reaction-the enzymes catalyzing this reaction are exclusively associated with a lumenal intracellular compartment (Eipper et al., 1993) . Thus, manipulation of peptidylglycine ␣-hydroxylating monooxygenase (PHM) enzyme levels is predicted to affect the biosynthesis and functionality of most neuronal and endocrine peptides and to do so with specificity for that class of signaling molecules.
C-terminal ␣-amidation results from the sequential actions of two enzymes: PHM and PAL (peptidyl ␣-hydroxyglycine ␣-amidating lyase) (Eipper et al., 1992) . PHM creates hydroxylated intermediates from prohormone precursor cleavage products that terminate in glycine residues. PAL cleaves the intermediates to produce the final amidated peptides and glyoxylate. In vertebrates, the two enzymes occupy adjacent domains of a bifunctional protein called PAM (Eipper et al., 1993) ; in Drosophila, the PHM and PAL enzyme activities are both present, yet they are physically and genetically distinct (Kolhekar et al., 1997b) . The Drosophila genome sequencing project predicts one unlinked PHM gene (CG3832 at 60B1-2) and two unlinked PAL genes (CG12130 at 46C6-7 and CG5472 at 59F4-6). A homozygous lethal transposon insertion (P[07623] ) lies within the coding region of PHM and reduces PHM enzyme levels (as measured in heterozygous adults) without also reducing PAL levels (Kolhekar et al., 1997b) . This result suggested that the insertion represented an allele of the PHM gene; the data in the present study support that conclusion.
Here we show that PHM mutants die as very late embryos and young larvae. They also are enzyme nulls. Using genetic methods, we extend the life of PHM mutant animals to examine later developmental phenotypes. The developmental histories of these progeny reveal late PHM functions; pupariation and pupal development are disrupted, and these defects bear strong resemblance to phenotypes of animals mutant for various genes of the ecdysone response pathway. In mutant CNS, enzyme activity of peptide ␣-amidation is essentially undetectable and the end-products of its action (amidated peptides) are severely reduced. These data provide genetic evidence that PHM is required for ␣-amidating enzyme activity in larvae and in mature developmental stages. Together these results provide genetic evidence to link neural and endocrine peptide signaling to the steroid (ecdysone)-mediated signals that organize postembryonic development in insects. element P[(⌬2-3) 99B ] that is a source of transposase activity. Backcrosses of positive transformants to balanced stocks that contained dominant markers were used to identify insertion chromosomes. Southern blot analyses were used to determine P-element copy number. Enzyme assays and Western blots were used to evaluate basal and induced levels of PHM enzyme activity. The P line used in rescue studies is a single-copy, homozygous viable, X-chromosome insertion.
Analysis of hatching rate. Animals bearing PHM alleles or a large deficiency of the PHM region were crossed into a yellow white background, then balanced with In(2LR)SLM, y ϩ , Bl, px, sp. Embryos from overnight collections were transferred individually using forceps to a separate plate in random fashion (50 to 200 embryos/plate). The plates were 50-mm petri dishes that contained a standard agar/apple juice medium and that lacked yeast paste. Heterozygous versus homozygous/hemizygous PHM mutant animals were scored on the basis of the yellow phenotype of the mouthparts, as dictated by the presence or absence of the balancer. Total hatching rate (total Ϫ unhatched)/(total) was measured 3 days later.
Lethal phase analyses. Unhatched mutant embryos were dechorionated manually and examined under halogen oil. Newly hatched larvae (Ͻ24 h old) derived from the stock y w; PHM P[07623] / In(2LR)SLM, y ϩ , Bl, px, sp were selected according to the yellow phenotype of the mouthparts as dictated by presence of the balancer. Homozygous and heterozygous PHM P[07623] mutant ani-
FIG. 1.
The organization of the PHM locus at cytogenetic position 60B1-2 and details of the alleles discussed in this report. (A) The ϳ10-kb P element l(2)07623 lies within the open reading frame of the PHM gene as previously described (Kolhekar et al., 1997b) . The positions of three neighboring genes, all on the opposite DNA strand, are diagrammed according to annotations by the BDGP to sequence file AE003462 (as of 4/2/00). CG3105 has sequence similarity to serine/threonine protein kinases and extends farther 3Ј than indicated. CG3090 encodes the transcription factor SOX14. CG17263 encodes a LIM domain protein. Numbered arrows 1-8 refer to the positions and orientations of oligonucleotides used in this study (see Materials and Methods). The positions of EcoRI sites (R) and of PstI sites (P) in the genomic sequence are indicated. (B) The P(29) deletion of P [07623] represents an imprecise excision event catalyzed by transposase and recovered as a revertant of the w ϩ phenotype. 1309 bp of genomic DNA to the right of the P element was lost from the PHM locus; 301 bp of the original ϳ10-kb P element DNA remain. The breakpoint lies within the fourth intron of PHM and within the second of three predicted LIM domains of CG17263. In the gene symbols, open bars indicate untranslated regions. mals were segregated onto fresh agar/apple juice plates, to which were added small dabs of yeast paste. Thirty-five to 50 animals of a given genotype were grouped onto single plates. The dishes were maintained at room temperature and observations were made daily until all mutant animals had died or were lost. During each observation period, all corpses were counted and removed; they were then mounted onto a microscope slide, immersed in saline, and coverslipped to determine developmental stage by examining the structures of the mouthparts and anterior spiracles at 250ϫ.
Heat shock induction. Approximately 25 males and 25 females were placed in standard plastic vials containing cornmeal Drosophila diet. Adults were removed after 24 h at 25°C. For each induction, vials were immersed to within 1 cm of their top rims in a 37°C water bath for 30 min. These cultures were maintained at 25°C otherwise. Schedules of induction as a function of developmental time varied according to the experiment, as described under Results. The time of day when inductions were given was not a constant feature.
Analyses of G2 rescues. We studied P ; PHM P(29) / PHM P(29) animals (G2) that were progeny of G1 animals with the same genotype and which had been rescued from lethality by a series of heat shock inductions, as described under Results. To study lethal phases in G2 animals, we collected embryos at 25°C from cultures containing Ն10 mating pairs. Progeny were maintained at the restrictive temperature for the duration of the experiment, except for short periods at room temperature (21-23°C) when they were collected and counted. Care was taken not to deliver heat pulses when animals were illuminated for microscopic inspection. The percentage of G2 animals completing larval development and attaining a prepupal state was measured by placing a known number of newly hatched larvae into food vials, then counting the number of pupal cases up to 7 days later. Prepupae were transferred to apple-agar plates and the number of adults emerging within 7 days of pupation was divided by the number of prepupae.
Single-fly PCR. To confirm the genotype of embryos or of rescued mutant animals, and to characterize imprecise excisions, the procedure of Gloor et al. (1993) was used. Individual adults were partially homogenized, from which 0.4 fly equivalent was used as template in individual PCRs that contained 0.1 l of Klentaq enzyme and 20 or 25 l total volume. Embryos of comparable stage and appearance were pooled at five per 10 l "squishing" buffer, of which 1 embryo equivalent was used per 25-l reaction. Two pairs of oligonucleotides were used in single or multiplex PCR to determine whether animals were homozygous or heterozygous for a mutant allele of PHM. The presence of the mutant allele was verified by a reaction containing the oligonucleotides 1 and 3 of Fig. 1 (predicted size 262 bp) . The presence of a balancer chromosome (indicating a heterozygote) was detected by a positive reaction using the oligonucleotides 3 and 4 or 3 and 5 of Fig. 1 (predicted sizes 380 and 979 bp). Imprecise excisions were studied as described above.
Protein assays and Western blot analysis. The Micro BCA Protein Assay Reagent Kit (Pierce) was used according to the manufacturer's instructions. Western analysis using affinitypurified anti-PHM antibodies was performed as previously described (Kolhekar et al., 1997b) , except that alkaline phosphataseconjugated secondary antibodies (Sigma Chemical, St. Louis, MO) were used to develop signals. To evaluate the specificity of the anti-FMRFamide and anti-myomodulin antibodies, we assayed the interaction of each antiserum with its amidated or GLY-extended peptide. Peptide dot blots were performed by spotting 1 l of solutions representing 10, 1, and 0.1 g of peptides onto Nytran Plus (Schleicher and Schuell). The peptides included C-terminally amidated and Gly-extended (free acid) forms of DPKQDFMRF (a FMRF-like peptide) and GLSMLRL (a myomodulin peptide). They were probed with rabbit PT-2 (anti-FMRFamide) and with rabbit anti-myomodulin, each at 1:1000 dilutions for 2 h at room temperature. Following a wash period, they were incubated with HRP-conjugated anti-rabbit antibodies (Sigma; diluted 1:500) for 30 m, then reacted with DAB. The Gly-extended peptides produced no detectable signals at any peptide concentration tested, while the amidated peptides produced prominent signals at both the 10 and the 1 g levels (data not shown).
Immunocytochemistry. CNS and gut tissues were stained in whole mount using procedures similar to those described in Renn et al. (1999) . Briefly, tissues were dissected in Drosophila saline and fixed in aqueous Bouin's fixative or in 4% paraformaldehyde (in PBS) that contained 7% (v/v) saturated picric acid. Fixation proceeded at room temperature for 1 h with agitation. Primary antibody incubations were performed at 4°C overnight with agitation in PBS/0.3% Triton X-100 that contained 3% normal horse serum and 0.001% Na azide. The secondary antibodies (Jackson Laboratories) were conjugated with FITC, Cy3, or HRP. Secondary antibody incubations were performed at room temperature for 1-2 h with agitation, in the same buffer as for primary antibodies, at dilutions of 1:200 or 1:500. After tissues were washed with PBS not containing Na azide, DAB (sometimes in the presence of NiCl 2 ) was used to develop the HRP generated signals. Tissues were cleared in glycerol, mounted in Vectashield (Vector Laboratories), and examined either with a Zeiss Axioplan microscope and imaged with a SPOT CCD camera and software (Diagnostic Instruments, Sterling Heights, MI) or with an Olympus confocal microscope and Fluoview software. Confocal images were later assembled in Adobe PhotoShop. Live pupae were imaged with a Sony CCD-IRIS video camera. The following primary antibodies were used at dilutions given in parentheses: affinity-purified rabbit anti-PHM antibodies (1:100; Kolhekar et al., 1997b) , rabbit anti-FMRFamide (1:2000, PT2; Copenhaver and Taghert, 1989) , rabbit antibodies to the final 19 amino acids of the pro-dFMRF prohormone (1:2000; Chin et al., 1990; Benveniste and Taghert, 1999) , rabbit anti-Aplysia myomodulin (1:500, JK3-3; Miller et al., 1991; O'Brien and Taghert, 1998) , affinity-purified anti-Drosophila Dopa decarboxylase (1:200; Scholnick et al., 1991) , rabbit anti-cricket leukokinin I (1:500; Nä ssel and Lundquist, 1991), rabbit anti-eclosion hormone (1:400; Copenhaver and Truman, 1986) , mouse anti-BP102 (1:2; A. Bieber, personal communication), and rabbit anti-synaptotagmin (1:500; Littleton et al., 1993) . X-gal histochemistry was performed as described by Schneider et al. (1993a) .
RESULTS

Generation of a Deletion in the PHM Locus
The P[07623] insertion lies within the coding region of the PHM gene ( Fig. 1 ) and the lethality associated with the stock was reverted when the element underwent precise excision (Kolhekar et al., 1997b 
Lethal Phase Analysis of PHM Mutants
The two mutant alleles of PHM-the P[07623] insertion and the P(29) deletion-both display complete lethality, as indicated by the absence of homozygous and hemizygous adults when balanced by either the SM6 or the CyO chromosome. Occasional putative adult escapers (Ͻ0.1% at 25°C; these displayed a Cy ϩ phenotype) were identified as balanced heterozygotes by multiplex, single-fly PCR (data not shown). We studied marked mutant stocks following various genetic crosses to determine when PHM mutant animals died. The hatching rate of mutant animals was first determined to evaluate their ability to complete embryogenesis (Table 1 ). Compared to Mendelian predictions, ϳ58% of PHM P[07623] homozygotes (yellow Ϫ ) and ϳ76% of balanced PHM P[07623] heterozygotes (yellow ϩ ) hatched from the egg. With very few exceptions, PHM P(29) homozygotes failed to hatch; those that did were nearly immobile and died within a few hours. PHM P[07623] /PHM P(29) transheterozygotes hatched at a rate comparable to that of PHM P[07623] homozygotes (55% of the predicted value). When analyzed in trans to a large deficiency of the region (Df(2R)or-Br11), PHM P[07623] appeared less severe than did PHM P(29) ( Table 1 ). These results indicate that the PHM P(29) allele produced nearly complete embryonic lethality (failure to hatch) and acted as a null in this assay. PHM P[07623] acted like a strong hypomorph, with approximately 50% of animals failing to hatch. While the PHM P(29) mutant animals failed to hatch, most completed the large part of embryogenesis prior to their death. We scored homozygotes and hemizygotes by cuticular markers and/or by single embryo PCR (n Ͼ 30 for each): More than 70% of PHM P(29) mutant embryos completed stage 16 and more than 40% reached stage 17. These embryos displayed little evidence of tissue disorganization or morphological abnormality. For example, BP102 staining of PHM P(29) homozygotes revealed proper axonal organization within the CNS by stage 15 (Figs. 2A and 2B) . A minority of embryos (15/79) died at early stages without evidence of cellularization. Single-embryo PCR did not yield signals with these embryos, so they remain unidentified as to genotype. If these represent PHM mutant animals, the embryonic phenotype would include an early lethal phase. Those PHM mutant embryos that hatched as larvae displayed normal morphology when they first emerged, as indicated by anti-synaptotagmin staining of neuropil tissues in PHM P[07623] homozygotes (Figs. 2C and 2D). We tested the ability of hs-PHM induction to rescue the lethality associated with PHM P(29) homozygotes. The effect of hs-PHM-A5 induction on PHM levels in WT animals is measured in Fig. 3 . Eggs were collected from balanced P[hs-PHM-A5]; PHM P(29) /SM6 adults and then given daily 30-min inductions through the embryonic and postembryonic stages, until the day the first adults emerged. Thirtyfive percent (89 of 253) of adult flies emerging from cultures that had received this induction schedule were homozygous PHM P(29) mutant animals. This indicates that the absence of PHM activity is responsible for the lethality associated with homozygous PHM P(29) mutant animals. Note. N, total number of eggs studied; n, number of eggs hatching; % ob, percentage comparing number hatching of certain genotype to number expected.
PHM Expression and Activity in Mutant Animals
PHM immunoreactivity is present heterogeneously in most larval tissues (Kolhekar et al., 1997b) . In heterozygous and wild-type animals, PHM-like immunostaining in the CNS consists of strong staining in about 200 scattered neuronal cell bodies and in widespread neuropil regions. Other cell bodies and neuropil regions display lower levels of staining (Fig. 2E ). In both homozygous and hemizygous PHM P[07623] and PHM P(29) mutants, CNS staining was severely reduced although not absent (Fig. 2F ). Neuropil staining was weak and diffuse. Most cell body staining was eliminated, with the exception of a few lightly stained cells: a single protocerebral brain cell and ϳ5 cells in lateral positions of anterior abdominal segments. The weak neuropil staining may represent unrelated, cross-reacting species similar to non-PHM proteins that are recognized by anti-PHM in tissue immunoblots (e.g., Fig. 3B ). Moderate signals in specific abdominal neuronal cell bodies may represent maternally derived PHM that could be enriched and retained in peptide-containing secretory granules of certain peptidergic neurons in mutant animals. In the gut, wild-type and heterozygous PHM mutant animals displayed strong staining of scattered, putative endocrine cells in the anterior and middle regions of the midgut (Figs. 2I-2J). In homozygous and hemizygous mutant animals, all gut staining was eliminated (Figs. 2K-2L). Likewise, the normally strong PHM immunostaining of the salivary gland was eliminated in all PHM homozygous and hemizygous mutants (not shown).
P[07623] Mutants Lack PHM Protein and Most PHM Enzyme Activity
The survival of some PHM P[07623] homozygotes into early larval stages (see next section) afforded the opportunity to evaluate levels of PHM enzyme and protein in these mutants. Homozygous first-instar larvae contained an amount of PHM activity that was at least 10 times less than heterozygotes and that was equal to or just above control values (Fig. 3A) . By Western blot analyses, anti-PHM recog- nizes a doublet of immunoreactive proteins of ϳ40 kDa. PHM P[07623] homozygous animals contained no detectable ϳ40-kDa immunoreactive species compared to a sizable amount present in heterozygous animals (Fig. 3B) . By both measures therefore, the PHM P[07623] allele contains very little or no PHM protein in young larvae. In parallel experiments, we measured PHM levels in adult heads of wild-type animals that were transgenic for a PHM cDNA under the control of an hsp70 heat-inducible promoter. A 30-min 37°C induction in the P[hs-PHM-A5] line produced an ϳ10-fold induction of PHM enzyme levels within 4 h (Fig.   3C ); 24 h after induction, induced levels remained about 5-fold higher than baseline (Fig. 3C) . By Western blot analysis, the same induction paradigm also produced a sizable increase in staining of an ϳ40-kDa protein doublet (Fig. 3D) .
The Larval-Lethal Phase of PHM Hypomorphs
The behavior of the heterozygous PHM P[07623] mutant larvae was normal with respect to their general coordination, their locomotory steps and feeding movements, and their response to tactile stimulation and molting behavior. By casual inspection, homozygous and hemizygous PHM P[07623] larvae resembled their heterozygous siblings immediately following their emergence. However, over the course of the next 24 -48 h, homozygous and hemizygous mutant animals became lethargic and typically died at or near the end of the first larval instar. When reared at room temperature, the longest-lived mutants reached 7 days of age and had just molted to the third larval instar.
We segregated 780 PHM P[07623] mutant larvae within 12 h of hatching and examined their lethal phase by scoring the structures of mouthparts and of the anterior spiracles displayed by corpses (Fig. 4A) . We recovered 494 corpses and lost 286 animals. We suspect that most of the animals that were lost died as small larvae in the agar or opaque yeast paste. Among corpses recovered, more than 75% displayed a double-mouthparts phenotype (Fig. 4B) , with tooth structures characteristic of animals molting to the second larval instar. Nearly 20% of the corpses were animals that had died as nonmolting first-instar larvae. We also recovered a small number of animals that successfully completed the first and/or second larval molts and that died as secondinstar animals, as third-instar animals, or while attempting to molt to the third instar (Fig. 4B ). These data indicate that more than half of the PHM P[07623] mutants that survive embryogenesis die while attempting to molt to the second larval instar.
Developmental Requirements for Transgenic PHM Activity
We tested abbreviated schedules of hs-PHM transgene induction to begin defining developmental stages when PHM expression was required to reverse lethality in PHM P(29) homozygotes (Fig. 5) . We found that limiting inductions (one per day) to just the first 4 days after egg-laying was sufficient to rescue most or all mutant animals. Conversely, delaying inductions for as few as the first 2 days after egg-laying severely lowered the number of rescued PHM P(29) homozygotes, and no rescue was observed when inductions were delayed until 5 days after egg-laying. Together these results suggest that a minimal PHM induction schedule limited to early developmental stages is both necessary and sufficient to rescue adult lethality.
Progeny of Mosaic Adults Reveal PHM Requirements during Metamorphosis
The minimal PHM induction schedule produced PHM P(29) homozygous adults (here called G1 mosaic animals, see Fig.  6A ) that were normal in many respects, but that also showed stereotyped behavioral abnormalities (P. S. Jacobs et al., in preparation). Rescued G1 adults were both fecund and fertile. Their G2 progeny could live at restrictive temperatures and a small percentage of these reached the adult stage. Thus, analogous to the methods of Lam et al. (1999) , a minimal rescue schedule provided the opportunity to study animals homozygous for the PHM P(29) mutation past their normal lethal phase (Table 2) . Immunostaining with anti-FMRFamide revealed a largely normal pattern in the CNS of G2 larvae (data not shown). G2 animals were produced and reared at 25°C and these G2 PHM P(29) mutants remained homozygous for the inducible hs-PHM-A5 transgene.
Approximately 76% of G2 PHM P(29) homozygous animals completed embryogenesis and hatched, and approximately 61% of G2 PHM P(29) first-instar larval homozygotes became
FIG. 4.
Lethal-phase analysis of PHM P[07623] homozygous mutants (ϳ50%) that completed embryogenesis and survived to larval stages. (A) The histograms report the number of corpses recovered for each developmental stage. 1st, first-instar animals; Molt 1st/ 2nd, animals displaying both first and second instar cuticles; 2nd, second-instar animals; Molt 2nd/3rd, animals displaying both second and third instar cuticles; 3rd, third-instar animals; Lost, the number of animals not recovered (presumed drowned in the yeast paste as first instars) or not unambiguously scorable (n ϭ 5). (B) Photomicrographs illustrating the "double mouthpart" appearance of PHM P[07623] homozygous mutants that were unsuccessful in larval molting. 1st/2nd, mutant animals displaying this phenotype at molt between first and second larval instars; 2nd/3rd, mutant animals displaying this phenotype at molt between second and third larval instars. In each image, the right arrow indicates the old and the left arrow indicates the new mouthparts (cephalopharyngeal structures).
pupae. Only 22% of G2 PHM P(29) homozygous prepupae completed metamorphosis. Puparium formation was often aberrant: puparia typically displayed a slight curvature, a failure to shorten normally, and a failure to evert anterior spiracles properly (Fig. 6B ). The gas bubble failed to move anteriorly, leaving pupae in anterior positions with abnormal posterior gas spaces. We dissected a subset of the noneclosing puparia to evaluate their lethal phases. The majority of these (28/57) died after completing pupation and proper eversion of the head, wings, and legs, but they revealed no further adult differentiation (e.g., died between stages P4ii and P7; Bainbridge and Bownes, 1981; Fig. 6C, right) . Almost as many animals (25/57) reached this same stage, but displayed aberrant disc eversion, retention of larval mouthparts, and imprecise elimination of apolysed tracheal cuticle (Fig. 6C, left) . In the entire group of PHM P(29) homozygotes examined, only 2 of the 255 prepupae that failed to eclose differentiated past stage P7. Of these 2, one had normal adult features, but was cryptocephalic (data not shown). The other displayed heterochronic differentiation: scattered bristles were tanned prior to other developmental events that normally occur earlier (e.g., before eye pigment deposition: data not shown).
Daily 37°C inductions of PHM P(29) G2 animals did not increase the percentage of mutant animals that completed larval development: the observed larval mortality appears due to the experimental manipulation of the young larvae. Inductions did rescue nearly all mutant prepupae through their transitions to adult eclosion (Table 2 ). In addition, the puparial shapes of G2 animals receiving hs-PHM inductions were largely normal (Fig. 6B) . This indicates that the defects of metamorphosis observed in G2 PHM P(29) homozygotes reflect the absence of normal PHM functions.
PHM Mutants Lack Amidated Peptides
We examined the nervous systems of PHM P[07623] We used an immunological approach to distinguish between amidated and nonamidated products derived from the pro-dFMRF precursor. Antiserum PT2 was generated against the tetrapeptide FMRFamide ( Taghert and Schneider, 1990 ) and reveals a pattern of staining that is greater than that displayed by products of the dFMRFamide gene (Schneider et al., 1993b) . That pattern likely includes products of related neuropeptide genes (other peptides that share a common "-RFamide" C terminus, as discussed in . The second antiserum was directed against the final 19 amino acids of the pro-dFMRF prohormone, which is not amidated (Chin et al., 1990) . The pro-dFMRF antiserum produces a pattern highly similar to that displayed by dFMRFa mRNA (Schneider et al., 1991) and by large dFMRF␣-lacZ reporter transgenes (Schneider et al., 1993a; Benveniste and Taghert, 1999; Taghert et al., 2000) .
The PT2 antiserum stained a robust pattern of ϳ26 neurons in the larval brain and ventral ganglion of firstinstar PHM P[07623] heterozygotes (Figs. 7A and 7C; cf. Schneider et al., 1991) , but revealed virtually nothing in the CNS of PHM P[07623] homozygotes or hemizygotes (Figs. 7B and 7D, n ϭ 20 of each). On rare occasions, small spots of immunoreactivity were observed in the CNSs of homozygotes in locations normally occupied by prominent FMRFamidepositive neurons (Figs. 7B and 7D, arrows) . These "spots" may be explained by any of several possibilities: (i) an alternate (low level or highly inefficient) source of PHMlike enzyme activity, (ii) the action of maternally derived . Animals were held at the restrictive temperature (25°C) for interim periods. The percentage of homozygous PHM P(29) adults among total adults is plotted to the right; 33% (asterisk) is the maximum expected. Animals were genotyped by wing phenotype: representatives were confirmed by single-fly PCR. The earliest possible day of induction occurred during embryonic periods and embryonic development was complete by the following day. The hashmarks that separate developmental stages (i.e., larva/pupa) indicate times when the first growing animals reached that stage. For the longest induction schedule, inductions were given as late as 2 days following the emergence of the first adults. Animals were balanced by the SM6 chromosome. The total number of flies counted per condition ranged from 55 to 253; most were Ͼ130.
PHM mRNA or PHM enzyme activity, or (iii) a lack of specificity by the anti-FMRFamide antiserum such that it weakly detects nonamidated peptide forms. In contrast, we saw no differences in the pattern or intensity of the ϳ14 neurons immunostained with the pro-dFMRF antiserum between heterozygotes and mutant PHM P[07623] animals ( Fig.  7E versus 7F , n ϭ 15 each). These results are consistent with the hypothesis that PHM mutant animals have defects in a posttranslational step(s) in neuropeptide biosynthesis.
To extend the phenotypic analysis to other amidated P(29) animals that experienced daily 37°C hs-PHM inductions. Top images illustrate the anterior aspect of individual puparia of each genotype. The PHM P(29) homozygotes (middle) displayed curved, elongated puparia with empty spaces in the posterior domains (arrows). Also, they showed malformation of the anterior puparium, including a failure to evert spiracles (arrowheads) and failure to form a smoothly shaped operculum (asterisks). G2 PHM P(29) mutant animals that also received daily hs-PHM inductions displayed at least partial reversal of all morphological defects. (C) Prepupal and pupal lethal phenotypes of G2 PHM P(29) mutant animals. Examples of dissected animals to illustrate the final stages reached by the majority of mutant animals (see Table 2 ). Nearly half resembled the example on the left, which displays features of developmental stage P4: brown tracheal linings (black arrow); partially everted head, wings, and legs (dashed line indicates extent of wing eversion); and retention of the larval mouthparts (white arrow). Nearly half resembled the example on the right, which displays features of developmental stages P4 -7: complete disc eversion and pupal apolysis (as indicated by bubble-asterisk), but no further tissue differentiation. Note. ND, not determined. a The number of pupae resulting after 10 days in vials divided by the number of larvae (Յ24 h old) which were used to start the cultures. b The number of adults emerging within 7 days of pupation divided by the number of pupae in the set. c Daily HS, 30 min at 37°C each day starting within 24 h of birth.
FIG. 6. Prepupal and pupal phenotypes in rescued P[hs-PHM-A5]; PHM P(29) /PHM P(29) G2 mutants. (A) Outline of the heat shock methods used to create PHM P(29) mutant homozygotes in the G1 and G2 generations. (B) PHM mutants display aberrant puparium formation. Two examples of 24-h-old pupae from each of three genotypes-Canton S and P[hs-PHM-A5]; PHM P(29) /PHM P(29) animals maintained at the restrictive temperature (25°C) and P[hs-PHM-A5]; PHM P(29) /PHM
antibodies to nonamidated versions of myomodulin or leukokinin I are not available. We found that these two antisera produced strong staining reactions in PHM P[07623] heterozygous animals and weak or negligible staining reactions in PHM P[07623] homozygous or hemizygous animals. Figures 7G and 7H illustrate anti-MM staining (n ϭ 25 for each genotype); weak signals (in positions of neurons that are normally strongly stained) were seen in fewer than half the specimens and in only certain positions; zero staining was seen in most specimens. The anti-LKI staining pattern is not as intense as the MM pattern in wild-type animals; zero staining was seen in homozygous and in hemizygous PHM P[07623] mutant animals (data not shown, n ϭ 25 for each genotype). Together these immunochemical results support the hypothesis that PHM is required for the normal production of amidated neuropeptides in Drosophila larvae.
Antibodies to the nonamidated peptide eclosion hormone (EH) stain a single pair of ventromedial neurons in the Drosophila brain (Ewer and Truman, 1994) : we found no difference in staining between PHM heterozygous and homozygous animals with anti-EH antibodies (Figs. 7I and 7J, n ϭ 6 for each genotype). Antibodies to the biosynthetic enzyme Dopa decarboxylase (Ddc) stain both serotonergic and dopaminergic neurons of the Drosophila larval CNS (Scholnick et al., 1991) . The pattern of Ddc immunoreactivity was indistinguishable between CNSs from heterozygous and mutant animals (Figs. 7K and 7L, n ϭ 8 for each genotype). Likewise, the pattern of serotonin-like immunoreactivity (Lundell and Hirsh, 1994) was unchanged (data not shown, n ϭ 8). A similar comparison for immunostaining with antibodies to the dFur1 endoprotease (deBie et al., 1995; Figs. 7M and 7N , n ϭ 8 for each genotype) and to the dPC2 endoprotease (Siekhaus and Fuller, 1999; Hwang et al., 2000 ; data not shown, n ϭ 8 for each genotype) revealed no differences between genotypes. Both anti-protease antisera mark a subset of peptidergic neurons (P.H.T., unpublished observations). These observations indicate that mutation of the PHM locus does not overtly disrupt aminergic transmitter systems, or those few peptidergic transmitter systems that normally lack amidation, or other neuropeptide processing enzymes.
Adults Mosaic for Neuropeptide Biosynthesis
The P[hs-PHM-A5]; PHM P(29) homozygous G1 mutant adults that were produced by the minimal abbreviated schedules of hs-PHM induction contained lowered levels of PHM enzymatic activity (Fig. 8) . When animals experienced daily inductions through the day of adult eclosion (12-13 total inductions, see Fig. 5 P(29) /PHM P(29) (PHM homozygotes) both contained large amounts of enzyme activity on adult day 1 (Fig. 8,  left) . Levels subsequently declined in each genotype over the next 20 days, but homozygotes exhibited ϳ50% less enzyme than heterozygotes. We previously reported a value of ϳ2.5 pmol/g/h for PHM P[07623] heterozygotes (Kolhekar et al., 1997b) ; the approximately twofold higher values seen in these PHM P(29) heterozygotes animals presumably reflect the contributions of basal and induced (perduring) levels of P[hs-PHM-A5] transgene expression. Similar though more dramatic results were observed in animals that experienced the minimal rescue schedule (4 early inductions, see Fig. 5 ). Throughout all adult stages assayed, P[hs-PHM-A5]; PHM P(29) /SM6 animals that had received the minimal induction schedule displayed levels comparable to older P[hs-PHM-A5]; PHM P(07623) /SM6 adults that had received the long induction schedule (i.e., ϳ5 nmol/g/h). In contrast, sibling P[hs-PHM-A5]; PHM P(29) /PHM P(29) animals had reduced levels throughout all adult days tested (Fig. 8, right) .
We analyzed the expression of amidated neuropeptides in G1 P[hs-PHM-A5]; PHM P(29) heterozygous and homozygous adults that had experienced the minimal induction schedule. We refer to the homozygotes as "rescued adults." In particular, we studied the spatial profile of FMRFamide-like immunoreactivity, which in the wild-type adult brain we have categorized within 13 principal cell types (O'Brien et   FIG. 8 . PHM enzyme levels in hs-PHM; PHM mutant animals receiving extended or abbreviated schedules of PHM transgene heat inductions. The extended schedule (Long) indicates cultures receiving a single 37°C induction each day through larval and pupal developmental stages; the abbreviated schedule (Short) indicates cultures that received a single 37°C induction for each of the first 4 days after egg-laying. Adult Day refers to the number of days after adult eclosion. PHM enzyme activity was measured in homogenates of adult heads. The solid bars indicate values (ϩSEM) for balanced PHM P(29) heterozygotes; cross-hatched bars indicate values (ϩSEM) for PHM P(29) homozygotes. ANOVA analysis indicated significant differences between the means of values from Long schedule animals; pairwise comparisons indicated that, for PHM P(29) homozygotes versus heterozygous values on days 5 and 15, P Ͻ 0.01, and on day 10, P Ͻ 0.001. ANOVA analysis indicated no significant differences between the means of values from Short schedule animals. Compare these values also to those of hs-PHM wild-type animals (Fig. 3C). al., 1991). In adult brains (adult days 1 through 10), 6 of 13 FMRFamide-immunoreactive cell types were absent or infrequently stained in rescued G1 PHM P(29) homozygotes (Figs. 9A and 9B) . Most of the "missing cells" corresponded to neurons that are "adult-specific" for the FMRFamide neuropeptide phenotype, e.g., the MP2 (Figs. 10A and 10B ) and OL2 (Figs. 10C and 10E ) neurons that appear only during or after metamorphosis (White et al., 1986; O'Brien et al., 1991; Schneider et al., 1993b; Taghert et al., 2000) .
To ask whether this mutant phenotype represents incomplete cellular differentiation or a defect in neuropeptide biosynthesis, we analyzed comparable animals 24 h after they received a single additional hs-PHM induction as adults (Figs. 10D and 10F) . We reasoned that a neuropeptide biosynthesis defect should be reversible within a short period following such a late transgene induction. In separate experiments, single inductions were given on adult days 4 and 10. After 24 h, tissues were analyzed by comparison to age-matched P[hs-PHM-A5]; PHM P(29) /SM6 given the same induction schedule and to rescued P[hs-PHM-A5]; PHM P(29) /PHM P(29) not given an additional induction. We observed a reversal of the phenotype for OL2, MP2, and CC neuronal cell types. For example, we detected OL2 neurons in 20 of 20 hemispheres of P[hs-PHM-A5]; PHM P(29) /PHM P(29) animals that received the additional induction (Fig. 10F) . In 12 hemispheres of the age-and genotype-matched controls (day 5 rescued adults that did not experience additional induction), we saw no OL2 neurons (data not shown). Following induction, OL2 immunolabeling included both cell bodies and axonal projections, indicating that previously "missing" neurons displayed considerable morphological differentiation in rescued PHM mutant adults. A comparison to staining in age-matched P[hs-PHM-A5]; PHM P(29) /SM6 animals suggested the phenotype reversal was not complete: OL2 neurons in PHM heterozygotes were more intensely stained in 18 of 18 hemispheres (Fig. 10D) .
DISCUSSION
In Drosophila, mutations that specifically affect genes encoding secretory peptides are rare. This scarcity is mainly due to the difficulty in predicting accurate phenotypes for gene products that encode multiple signals whose physiological actions display both intra-and in- (PT2) (ϭ PHM P(29) homozygous) brains are described separately. In all animals of these genotypes, the OL2 group of neurons included only the pair of OL2-A neurons and not the pair of OL2-B neurons. Both OL2-A and OL2-B neurons are found in other Drosophila stocks, as described by Taghert et al. (2000) . ( tergenic redundancy (O'Brien and Taghert, 1994; Hewes et al., 1998) . Genetic methods to ablate specific secretory cells represent an alternative approach in vivo to studying secretory peptide functions. This method was first demonstrated by McNabb et al. (1997) in a study of eclosion hormone function and later by Renn et al. (1999) for pdf-expressing cells. In both cases, ablation of certain peptidergic neurons produced clear evidence of a phenotype consistent with peptide effects or peptide gene phenotypes. However, this method relies on the availability of specific gene promoters with which to restrict cellular ablation. An alternative genetic approach is the study of secretory peptide biosynthesis. Kolhekar et al. (1997b) and Siekhaus and Fuller (1999) analyzed two separate genes encoding different neuropeptideprocessing enzymes, dPHM and dPC2, respectively. The genetics of neuropeptide processing offers a broad-based approach to examining secretory peptide functions. Such phenotypes provide insight into functions that secretory molecules may perform as a class.
Interpretation of the P(29) Mutant Phenotype
The P(29) chromosome contains 1309 bp deleted to one side of the inserted P[07623] transposon (Fig. 1) . The deletion removes critical PHM sequences, but also truncates an overlapping gene, CG17263. This other gene encodes a LIM-only protein, and the P(29) chromosome removes two of its three LIM domains. Because of this, the P(29) chromosome should also be considered an allele of CG17263. We suspect that some part of the P(29) mutant phenotype may derive from absence of CG17263 function, but we cannot define it at present. We have included the analysis of P(29) mutant phenotypes in our analysis of PHM based on a strict reliance upon rescue with wild-type PHM sequences. The reversal of mutant phenotypes following heat shock-PHM induction permitted the inference that the absence of PHM is responsible for particular deficits. Specifically, we have demonstrated full rescue of embryonic, larval, pupal, and adult lethality. In addition, hs-PHM was capable of reversing the aberrant processing of secretory peptides (ami- P(29) heterozygote that received the minimal induction schedule and one additional induction on adult day 4, 24 h earlier (ϩAdult HS; n ϭ 9). (E) A rescued PHM P(29) homozygote displays LP1 but no OL2 immunostaining (white arrow) (n ϭ 6). See P(29) homozygote that received the minimal induction schedule and one additional induction on adult day 4, 24 h earlier (ϩAdult HS; n ϭ 10). Note presence of stained OL2 cell bodies. Comparable results were found in a similar experiment performed on day 10/11 adults (not shown).
dation of FMRF peptides). Therefore despite an ambiguity derived from the closely overlapped nature of the PHM and CG17263 genes, we feel our specific interpretations concerning PHM functions are conservative and appropriate.
Developmental Transitions Require PHM
PHM mutant animals died early in development, either as late embryos or as young larvae. The earliest lethal phase was seen with the PHM P(29) allele, which is a null by several measures. Most mutant animals (as homozygotes and hemizygotes) reached late stages of embryogenesis with relatively normal morphological appearance. The CNS was slightly smaller than normal, but its organization and complexity appeared normal. Animals homozygous for the PHM P[07623] allele survived to later larval stages compared to PHM P(29) mutants. While they contained no detectable PHM protein, they did display potentially trace amounts of PHM enzyme activity (Fig. 3A) . We propose that PHM P[07623] animals, despite the insertion of a large transposon in the PHM locus, contain low levels of zygotic PHM enzyme due to compensatory transcriptional and/or posttranscriptional mechanisms. In contrast, PHM P(29) animals, lacking about half of the PHM coding sequence, contain no zygotic enzyme activity.
The relatively normal growth of mutant animals indicates that zygotic PHM expression is largely dispensable to complete the generation and morphogenesis of embryonic tissues. The contribution of maternally derived PHM to early morphogenesis is not yet known. While some larval tissues in the most severe PHM mutant sometimes appeared smaller (e.g., the brain), a quantitative analysis is required to determine if and when these differences are significant. These results suggest a general view that, in insects, large-scale alterations of secretory peptide biosynthesis do not produce large-scale morphogenetic defects. Many PHM P[07623] homozygotes died as late stage embryos or in the midst of larval molts. In general, these results indicate that PHM mutant animals have difficulty at or near times of developmental transitions-embryonic hatching and/or larval molting. A similar conclusion was reached by Siekhaus and Fuller (1999) in their analysis of the PC2/amontillado gene. PC2/amon encodes a potential prohormone convertase with many similarities to the mammalian enzyme PC2, which is known to be important for processing of neural and endocrine peptides (Westphal et al., 1998; Hwang et al., 2000) . A disruption of molting processes in PHM mutant animals is consistent with a large body of evidence relating secretory peptides to the orchestration of molting events (reviewed by Henrich et al., 1999) . In particular, ecdysis (which is a late event in the molting process) is coordinated and modified by cascades of hormones. These hormone cascades include several amidated secretory peptides made in the CNS (e.g., CCAP- Ewer and Truman, 1996; Gammie and Truman, 1999) or peripheral endocrine centers (e.g., ETH-Zitnan et al., 1996 O'Brien and Taghert, 1998) . The GAL4 ϫ UAS system will be useful to create tissue-specific PHM mosaics and so ask-which tissues must produce amidated peptides to permit normal embryonic hatching and larval molting?
The study of G2 rescued animals produced additional observations on the requirements for PHM activity during later (metamorphic) developmental stages. G2 animals showed two prominent developmental defects that we ascribe to insufficient PHM activity-a prevalent deformity of puparia and a developmental block that occurred during or just after head eversion (Fig. 6 and Table 2 ). This suggests that events at or around this critical stage require PHM (and signaling by amidated peptides) for normal progression to form the puparium and to complete adult development. The poor disc and head eversion may be due to retained attachment of larval mouthparts: without an ability to move posteriorly within the puparium, the animal faces increased confinement and antagonism to the emergence of pupal tissue (cf. Fristrom, 1965; Chadfield and Sparrow, 1985) . If this explanation is correct, the defects involving PHM activity center more on postpupation events than on pupation itself. Secondary hs-PHM transgene inductions increased the percentage of animals successfully completing these developmental transitions from roughly 20% to nearly 100% (Table 2) . Likewise the form of animals receiving additional inductions more closely resembled that of wild-type animals (Fig. 6B ). These observations support the hypothesis that lowered PHM levels are responsible for these "late" mutant phenotypes.
As schematized in Fig. 11 , the phenotypes produced in hypomorphic PHM mutant animals closely resemble those produced by hypomorphic mutations in several of the ecdysone-response genes (Fletcher et al., 1995; D'Avino and Thummel, 1998; Schubiger et al., 1998; Broadus et al., 1999) . In addition, they resemble those of genes implicated in ecdysone/steroid hormone production, including the dre4 and dare genes (Sliter and Gilbert, 1992; Freeman et al., 1999) . Strong similarities between PHM mutant phenotypes and those of ecdysone production/signaling genes were also evident at larval developmental stages. In particular, the "double mouthhook" phenotype seen in PHM P[07623] animals (produced by a failure to complete larval molts) is also displayed by certain mutants of the EcR gene (Schubiger et al., 1998) , the dare gene (Freeman et al., 1999) , and the developmental mutant cryptocephal (crc- Chadfield and Sparrow, 1985; Hewes et al., 2000) . Later in development, EcR, crc, dare, and PHM hypomorphic phenotypes include a failure to pupariate. Also, some PHM hypomorphs, like those of DHR3, survive to pupal stages but die around the time of head eversion with defects in puparial form, body shortening, and gas bubble movements (Lam et al., 1999) . These defects suggest problems with proper activation of the muscles needed to produce shortening, puparium formation, and disc eversion (Fletcher et al., 1995) .
Together these observations strengthen the argument that amidated secretory peptides are required for signaling events that ensure progression through several criti-cal developmental transitions. The inclusion of PHM phenotypes in this common list suggests that amidated secretory peptides are involved in many of the hormonal signaling events that are initially triggered by the steroid hormone ecdysone. In addition, amidated secretory peptides are likely involved in the signaling events which regulate ecdysone production and titers (reviewed by Henrich et al., 1999) . It will be of interest therefore to test genetic interactions between the peptide and the steroid signaling pathways. Also, to place PHM defects within the framework of known regulatory pathways, it will be useful to measure the expression of RNAs for various steroid hormone response genes in PHM mutant animals (e.g., White et al., 1997; Lam et al., 1999) . The paradigms established here should be useful for future screens that seek to identify genes needed to produce and to mediate peptide signaling. In general, such information will be useful in assigning functional roles to peptidergic systems in their interactions with steroid hormones and will further define the regulation of insect metamorphosis in molecular detail.
PHM Is Required for the Biosynthesis of Amidated Secretory Peptides
These results provide in vivo evidence that PHM is required for peptide ␣-amidating activity throughout the life of Drosophila. Loss-of-function alleles show that this is true in larvae. PHM P[07623] animals contained (at best) trace levels of PHM enzyme activity and of PHM protein. Further, using the expression of FMRFamide neuropeptides as an assay, PHM mutant animals displayed little if any staining for amidated neuropeptides, although staining for nonamidated peptides, for nonpeptide transmitters, and for neuropeptide processing enzymes appeared normal. From the analysis of PHM mutant animals that were maintained beyond their normal lethal phase to reach pupal and adult ages, we draw the same conclusion for late developmental stages as well. Limiting the induction of transgenic PHM to just the first larval days fully rescued PHM mutant lethality. However, such rescued adults were still abnormal, i.e., they contained Ͻ20% of normal PHM levels and displayed abnormal cellular profiles of amidated FMRF peptides. The abnormal cellular pattern was highly reproducible, in that identified neurons (e.g., OL2 and MP2) lacked staining, while other identified neurons (e.g., SP1) stained normally in all animals examined. We speculate that these patterns reflect similar abnormalities in other amidated neuropeptides, expressed by other sets of neurons. We conclude that a compensating activity does not appear later in development (at least not in the case of adult CNS neurons) and that the PHM gene represents the principle source of PHM enzyme activity at all developmental stages.
Based on our immunological survey of three amidated peptide systems, we infer that PHM P[07623] mutant animals lack most amidated peptides and therefore lack most functional neuropeptides. In that regard, their locomotor and feeding behaviors appear remarkably normal for the first hours after larval hatching. Many die, associated with a failure to thrive, and their decline probably reflects a loss of function in several systems. There may be a loss of neural drive that is normally modulated by neuropeptides (e.g., Gammie and Truman, 1997; Zitnan and Adams, 2000) . Also, the death of mutant animals may reflect the lack of organized digestive functions, as PHM and amidated peptides are abundant in midgut epithelia (e.g., Copenhaver and Taghert, 1989; Sehnal and Zitnan, 1990; Kolhekar et al., 1997b; Zudaire et al., 1998) and are likely required for normal gut physiology. The mutant phenotype may reflect an imbalance in the maintenance or use of energy stores by factors such as AKH (Schaffer et al., 1990) or an absence of sufficient hemolymph regulation by cardioregulatory factors like CAPs (Davies et al., 1995) . The PHM mutant animals currently available do not allow us to distinguish between these or other plausible explanations. However, the viability of the strong PHM hypomorphs, their effective lack of amidated peptide stores, and the availability of methods to create PHM mosaics will help to define specific roles for particular peptidergic systems. We have not ruled FIG. 11. Summary diagram that compares PHM lethal phases at major developmental transitions with those of certain ecdysoneresponse genes. Gray zones indicate postembryonic lethal phases; H, embryonic hatching; LM, larval molting; P, pupariation; HE, head eversion; AEc, adult eclosion. Lethal phases of PHM hypomorphs are compared to those of ecdysone receptor mutants (EcR-Schubiger et al., 1998) and of the orphan nuclear receptor DHR3 (Lam et al., 1999) . Strong PHM hypomorphs display lethality at larval molts similar to EcR hypomorphs. Weaker PHM hypomorphs display lethality during pupariation and head eversion stages, as do DHR3 hypomorphs. While 5% of DHR3 mutants display lethality at pharate adult stages, less than 1% of PHM mutants do so. Null alleles of each gene display various embryonic lethal phases.
out the possibility that a portion of the phenotypes we have observed in PHM mutant animals is unrelated to the actions of secretory peptides. The available evidence does not permit an evaluation of that possibility: further genetic analysis will establish the molecular pathways that are dysfunctional in the PHM mutant background.
Manipulating Biosynthesis to Address Peptide Functions in Vivo
